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Reduced Complexity I/Q Turbo Detection for
Space–Time Trellis-Coded Systems
Bee Leong Yeap and Lajos Hanzo
Abstract—A reduced-complexity turbo-detection scheme, referred to
here as the R-TD arrangement, is proposed for employment in space-time
trellis-coded (STTC) systems usingthe inphase/quadrature-phase (I/Q)
cancellation technique that was previously developed for single-trans-
mitter and single-receiver systems. The R-TD scheme decomposes the
received signal into its constituent I and Q signal components and detects
these components separately; hence, reducingthe number of possible
signal combinations to be “tested” by the detector. The R-TD scheme is
capableofapproachingtheperformanceoftheconventionalturbodetector
(F-TD), while achievinga complexity reduction factor of 3 and 862 for a
four-phase-shift-keying32-state STTC system, denoted as STTC(4,32),
communicatingover two- and five-path Rayleig h-fadingchannels, respec-
tively, exhibitinga symbol-spaced and equal-tap-weig ht channel-impulse
response. In order to investigate the benefits of employing channel coding
in conjunction with STTC schemes, the R-TD principle was also invoked
in convolutional-coding-aided STTC schemes. It was observed that, at a
given throughput, the turbo-detected “nonchannel-coded” STTC(4,32)
system required a similar signal-to-noise ratio to that of the =12
and constraint length =7 convolutional-coded STTC(16,16) scheme
for achievingthe bit error rate (BER) of 10 . At a higher target, BER
of 10 , the “nonchannel-coded” STTC(4,16) and STTC(4,32) schemes
outperformed the channel-coded STTC(16,16) system by 0.8 and 2.3 dB,
despite havinga factor of 19 or 11 lower complexity, respectively.
Index Terms—Inphase, iterative equalization and decoding, quadrature
phase, reduced complexity, serial concatenated codes, space–time trellis
coding(STTC), turbo equalization/detection.
I. INTRODUCTION
In the third-generation (3G) mobile radio standard [1], a transmit
diversity option has been proposed for increasing the link quality
and, therefore, the capacity of the system. Spatial diversity may be
achieved with the aid of multiple transmitters or receivers. Often, it
is more cost effective to employ the multiple antennas at the base
station, instead of upgrading millions of handsets. Recently, attractive
transmit diversity techniques known as space–time block coding
(STBC) [2]–[4] and space–time trellis coding (STTC) [4], [5] have
been advocated for providing additional diversity gains, as well as for
overcoming the limited capacity offered by the hostile fading wireless
channel [4]. STBCs do not provide coding gain unless concatenated
with an outer channel code. The main benefit of STBCs is the
provision of full diversity with the aid of a simple decoding scheme.
Hassibi and Hochwald [6] proposed a different transmit diversity
scheme, referred to as a linear dispersion (LD) code, which also
requires simple decoding while maximizing the mutual information
between the transmit and receive signals. In contrast to STBCs,
STTC relies on the joint design of channel coding, modulation, and
transmit diversity, as well as optional receiver-diversity schemes.
The design rules proposed in [5] resulted in maximum-diversity
gain for systems employing two transmit antennas. Subsequently,
systematic transmit-diversity design methods were developed in [7]
and [8] for an arbitrary number of transmit antennas. These transmit
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Fig. 1. Transmitter of the STTC system, where ￿ represents the space–time
trellis code’s interleaver.
diversity schemes may be employed in conjunction with orthogonal
frequency-division multiplexing (OFDM) systems [9] in order to
mitigate the effects of frequency-selective channels.
Typically, detection of the STTC symbols is constituted by indepen-
dent channel equalization and space–time trellis decoding operations.
However, instead of implementing the channel-equalization and
STTC-decoding operations independently, the performance of the
STTC system can be further improved by performing both operations
iteratively. This philosophy is based on that of turbo equalization
[10], which was first employed in a convolutional-encoded binary
phase-shift keying (BPSK) system transmitting over dispersive
channels. This technique performs channel equalization and channel
decoding iteratively and has been shown to successfully mitigate
the effects of channel intersymbol interference (ISI) [4]. Bauch
et al. [11] adapted the turbo-equalization technique for iterative
channel equalization and STTC decoding. This approach yielded an
improved performance owing to the intelligent exploitation of the
soft-decision-based feedback provided by the STTC decoder output
for the equalizer.
In [4] and [12], the performance of the STTC system was improved
by employing additional channel encoding and turbo detection. How-
ever, owing to the high complexity of the turbo detector, the investiga-
tions were limited to channel-impulse responses (CIR) associated with
low dispersions. In this paper, we propose a reduced-complexity turbo
detector designed for STTC systems employing convolutional channel
coding or no channel coding, which we refer to as the CC-STTC and
NOCC-STTCschemes,respectively.Initially,theperformanceofthese
systems is analyzed in isolation and is assessed in terms of the achiev-
able bit error rate (BER) performance and computational complexity.
The impact of the tolerable system delay on the performance of the
proposed turbo-detection technique is also investigated, which is pre-
dominantly determined by the length of the channel interleavers uti-
lized.Subsequently,wewillcomparetheperformanceoftheCC-STTC
scheme, which is an R = 1=2 channel-coded 16-state16QAM system,
to that of the 4PSK STTC benchmarker refraining from using channel
coding, while maintaining the same effective throughput. The aim of
this comparison is to investigate whether the achievable BER perfor-
mance benefits outweigh the associated computational cost and the re-
duction in effective throughput.
Wecommence our discourseby presenting an overview of theinves-
tigated system in Section II. This is followed by an overview of the re-
duced-complexityturbo-detectionprinciplesandacomplexityanalysis
in Sections III and IV, respectively. Section V presents our simulation
results and, finally, we conclude our discourse in Section VI.
II. SYSTEM OVERVIEW
Inourinvestigation,wehaveemployedtwodifferentSTTCsystems.
The first scheme is the NOCC-STTC arrangement, shown in Fig. 1,
whichconsistsofanSTTCencoderusingTx =2transmitantennas.In
thesecondSTTCsystem,whichweearlierreferredtoastheCC-STTC.
A rate R =1 =2 convolutional encoder is concatenated with a two-
transmitter STTC encoder, as shown in Fig. 2.
Let us commence by describing the NOCC-STTC scheme, which
is followed by the portrayal of the CC-STTC system. For the
NOCC-STTC scheme, the source bits are directly passed to the STTC
encoder, represented by using the notation STTC(M;n), where M
denotes the modulation mode used and n the number of states of
the STTC encoder [5]. These STTC codes can be characterized by
using the trellis diagrams seen in [5]. Upon receiving an input symbol
formed from the source bits, the STTC produces an output STTC
symbol in each transmitter arm of Fig. 1. These output symbols are
referred to here as the STTC symbols, constituted by S1 and S2 in
Fig. 1. At the output of the STTC encoder, the encoded symbols are
interleaved by a random STTC symbol interleaver represented as ￿s
in Fig. 1. Note that the same interleaving rule is used for all transmit
antennas [5].
FortheCC-STTCsystem,thesourcebitsarefirstpassedtoachannel
encoder, which subsequently directs the interleaved encoded bits to a
two-transmitter STTC encoder. Two different channel encoders were
employed, namely, a 1/2-rate convolutional code having a constraint
length of K =5and octal generator polynomials of G0 =3 5and
G1 =2 3 , as well as a 1/2-rate K =7convolutional code using G0 =
133 and G1 = 171 [13] octal generator polynomials. At the output of
the STTC encoder, the encoded symbols are interleaved by a random
STTC symbol interleaver represented as ￿s in Fig. 2. Note that random
interleavers are utilized for both the bit-based channel interleaver and
forthesymbol-basedSTTCinterleaver.As mentionedbefore,thesame
interleaving rule is used for all transmit antennas in order to preserve
the rank property of the space–time codes [5].
In our investigations, we employed a time-division multiple-ac-
cess/time-division-duplex (TDMA/TDD) system, which has eight
uplink and eight downlink slots and where one transmission slot
will be available after every 16 TDMA slots. Each transmission
burst has a duration of 72 ￿s and consists of 144 data symbols.
Additionally, two- and five-path Rayleigh-fading channels having
equal symbol-spaced tap weights were used. The Rayleigh-fading
statistics obeyed a normalized Doppler frequency of 3.3165￿10
￿5,
where the fading magnitude and phase was kept constant for the
duration of a transmission burst. The normalized Doppler frequency is
based on a transmission rate of 2600 KBaud, a transmission frequency
of 1.9 GHz, and a vehicular speed of 30 mph. Furthermore, in order
to characterize the best possible performance of these systems, the
CIR was perfectly estimated at the receiver. As shown in Fig. 1,
a pair of Rx =2 receive antennas was employed at the receiver.
Turbo detection was then used, whereby the channel-equalization
space–time trellis and channel decoding (only for the CC-STTC
system) operations were performed iteratively. The received signal at
the ith receiver can be written as
r
i(t)=
T =2
k=1
s
k(t) ￿ h
ki(t)+n
i(t) i =1...Rx =2
=r
i
I(t)+jr
i
Q(t) (1)
where s
k(t), r
i(t), and n
i(t) denote the symbol transmitted from the
kth transmitter, the received signal of the ith receive antenna, and the
additivewhite Gaussiannoise(AWGN)imposedonthesignal received
by the ith receive antenna, respectively. The notation h
ki(t) refers to
the CIRcorresponding to the kth transmit and ith receive link, whereas
￿ represents convolution. Additionally, the subscripts I and Q repre-
sent the inphase and quadrature-phase components, respectively. The
signal-to-noise ratio (SNR) is defined as the ratio of the average re-
ceivedpowertothenoisepowerperreceivedantenna.Sincetheaverage1280 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 4, JULY 2004
Fig. 2. Schematic of the STTC system employing turbo detection at the receiver. The notation ￿ represents the space–time trellis code’s interleaver.
receivedpowerisequaltothetotalaveragetransmittedpower,theSNR
is E[ks
k(t)k
2]=￿
2, where ￿
2 is the variance of the noise component
n
i(t).
III. PRINCIPLES OF REDUCED-COMPLEXITY I/Q TURBO DETECTION
After transmission over a channel having complex-valued CIR, the
received I/Q signals in (1), namely, r
i
I(t) and r
i
Q(t), become depen-
dent on the inphase and quadrature-phase components of the signal
sk(t), namely, on s
k
I(t) and s
k
Q(t), respectively. This interdependency
between s
k
I(t) and s
k
Q(t) in the received quadrature signals r
i
I(t) and
r
i
Q(t) is referred to here as cross-coupling.
As a consequence of the cross-coupling, the receiver has to consider
an increased number of signal combinations for identifying the most
likely transmitted symbol, hence necessitating a high number of equal-
izer trellis states. However, the number of trellis states to be consid-
ered can be reduced significantly when the cross-coupling is removed
such that the quadrature components of the decoupled channel output
r
i (t),which consists of r
i
I (t) and r
i
Q(t),are only dependent on s
k
I(t)
or s
k
Q(t). This is the basic principle behind the reduced-complexity
turbo-detection scheme.
Inordertoperformthedecoupling,thequadraturecomponentsofthe
signal estimates, namely, ^ s
k
I(t) and ^ s
k
Q(t) of all transmitters, are gen-
erated by averaging the weighted a posteriori probabilities of the bits
correspondingtoeachquadraturearm,asdemonstratedin[4],[14],and
[15]. Subsequently, these estimated symbols are convolved with the
inphase and quadrature-phase CIR estimates of the kth transmit and
ith receive link, in order to generate ^ s
k
I(t) ￿ ^ h
ki
I (t), j^ s
k
I(t) ￿ ^ h
ki
Q(t),
^ s
k
Q(t) ￿ ^ h
ki
Q(t), and j^ s
k
Q(t) ￿ ^ h
ki
I (t), where k =1 . . . Tx and i =
1...Rx. With the aid of these signals, the cross-coupling between the
received quadrature signals can be removed using the procedures out-
lined in [4], such that we obtain the decoupled received signals r
i
I (t)
and r
i
Q(t), which are only dependent on a particular quadrature com-
ponent, namely, on s
k
I(t) or s
k
Q(t), rather than on both. For example,
the signal r
i
I (t) can be generated by removing ^ s
k
Q(t) ￿ ^ h
ki
Q(t) and
j^ s
k
Q(t) ￿ ^ h
ki
I (t) from the received signal r
i(t), yielding
r
i
I (t)=r
i(t)+
T =2
k=1
^ s
k
Q(t) ￿ ^ h
ki
Q(t) ￿ j^ s
k
Q(t) ￿ ^ h
ki
I (t)
=
T =2
k=1
s
k
I(t) ￿ h
ki
I (t)+js
k
I(t) ￿ h
ki
Q(t)
+ e ^ s
k
Q(t);^ h
ki
Q(t) + je ^ s
k
Q(t);^ h
ki
I (t)
+ n
i(t) (2)
where e ^ sQ(t);^ hQ(t) and e ^ sQ(t);^ hI(t) are the error terms ex-
pressed as
e ^ s
k
Q(t);^ h
ki
Q(t) =r
i
I(t)+^ s
k
Q(t) ￿ ^ h
ki
Q(t)
e ^ s
k
Q(t);^ h
ki
I (t) =r
i
Q(t) ￿ ^ s
k
Q(t) ￿ ^ h
ki
I (t) (3)
whicharisewheninaccurateCIRestimatesandlow-confidencesymbol
estimates are generated. Similarly, r
i
Q(t) is obtained by subtracting
^ s
k
I(t)￿^ h
ki
I (t)andj^ s
k
I(t)￿^ h
ki
Q(t),wherek =1...Tx andi =1...Rx
from r
i(t). Although—no doubt—errors may be introduced in the de-
coupling operation, it was shown in [4] and [15] that the imperfect
decoupling effects are gradually compensated through the successive
turbo-detection iterations and the achievable performance approaches
that of the turbo detector utilizing the conventional full-complexity
trellis-based equalizer.
Having highlighted the philosophy of the decoupling operation, we
continue by describing the structure of the turbo detector contrived for
thelower-complexityNOCC-STTCsystem,whichincorporatestheI/Q
decoupling principle. This is then followed by the description of the
I/Q turbo detector designed for the more complex CC-STTC scheme.
In the first turbo-detection iteration of Fig. 3, a multivariable decision
feedback equalizer (MV-DFE) [16] was utilized. The MV-DFE was
employed, since it constituted a low-complexity approach to providing
initial estimates of the transmitted symbols, as compared to the more
complex trellis-based equalizers. These soft decisions are passed to the
STTC decoder of Fig. 3, which subsequently generates the a posteriori
information. The extrinsic information is extracted from the a poste-
riori information and is directed to the I/Q equalizers. As mentioned
previously, the a posteriori probability is utilized in the symbol-regen-
eration process, which aids the decoupling operation, whereas the ex-
trinsic information becomes the a priori information employed by the
I/Q equalizer in the second turbo-detection iteration. The decoupling
is then performed using the regenerated symbols and with the aid of
(2). After the decoupling operation has been completed, the resultant
signals corresponding to the inphase signal components r
i
I (t) of all
transmittersaredirectedtoanI/Qequalizer,whilethequadrature-phase
signal components r
i
Q(t) of all transmitters are invoked by the second
I/Q equalizer. The logarithmic likelihood ratio (LLR) values generated
by the I/Q equalizers of Fig. 3 are deinterleaved by the STTC deinter-
leaver and passed to the STTC decoder. The STTC decoder computes
the a posteriori LLRs, which are then processed for generating the ex-
trinsicinformation.Asinthefirstiteration,theaposterioriLLRisused
for symbol regeneration, while the extrinsic LLR becomes the a priori
LLR for the I/Q equalizers in the next turbo-detection iteration. This
iterative process is repeated until the termination criterion stipulated is
satisfied. In our investigations, the iterations were curtailed when no
significant further performance gains could be obtained through addi-
tional iterations. Both the I/Q decoupling operations and the reduced
complexity space–time trellis turbo-equalization algorithm is summa-
rized in Fig. 4.
In the case of the more complex CC-STTC system, the structure
of the R-TD arrangement is similar to that of the lower complexity
NOCC-STTC R-TD scheme seen in Fig. 2, with the exception that the
STTC decoder does not directly pass the computed extrinsic informa-
tion to the I/Q equalizers. Instead, the extrinsic information is deinter-
leaved by a channel deinterleaver and passed to the channel decoder.
The channel decoder processes this information in order to generate
the a posteriori LLR values. Subsequently, the extrinsic LLR is once
again extracted from the a posteriori LLRs computed by the channel
decoder and directed back to the I/Q equalizer.
In our investigations, we have utilized the max-log-maximum a pos-
teriori (MAP) algorithm [17], [18] in our I/Q equalizers, the conven-
tionalchannelequalizer,andtheSTTCdecoder,aswellasintheconvo-IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 4, JULY 2004 1281
Fig. 3. Schematic of the reduced-complexity turbo detector in conjunction with a two-transmitter–two-receiver-based STTC scheme performing three
turbo-detection iterations.
lutional decoder, since it constitutes agood compromise in terms of the
achievable performance and the computational complexity imposed.
IV. COMPLEXITY ANALYSIS
For simplicity, the complexity of the turbo detectors can be quan-
tified in terms of the number of associated trellis transitions per in-
formation bit. Therefore, the complexity of the equalizer and STTC
decoder, which is dependent on the number of trellis transitions per
symbol, must be normalized by the number oforiginal information bits
per symbol Tr, hence yielding the number of transitions per informa-
tion bit.
For the conventional full-complexity trellis-based STTC channel
equalizer [4], termed as CT-EQ, it can be shown that the complexity
￿[CT-EQ], associated with equalizing the STTC signals transmitted
over a channel having complex CIR tap weights and a delay spread
of ￿d symbols, is
￿[CT-EQ]=
(Number of states ￿ Number of transitions)
Tr
=
M
T ￿ ￿ M
T
Tr
=
M
T (￿ +1)
Tr
(4)
where,again,M,Tx,andTr denotethenumberofconstellationpoints,
the number of transmitters, and the number of information bits per
symbol, respectively. By contrast, the complexity of a single I/Q equal-
izer (I/Q-EQ) trellis stage is given by
￿
I
Q-EQ
=
(Number of states ￿ Number of transitions)
Tr
=
p
M
T (￿ +1)
Tr
: (5)
For the STTC(M, n) decoder, where M and n denote the number of
constellation points and the number of trellis states in the encoder, the
complexity ￿[STTC(M;n)] incurred is
￿[STTC(M;n)] =
(n ￿ M)
Tr
: (6)
Finally, the corresponding complexity of the R =1 =2 and constraint
length K channel decoder ￿[CC] can be written as
￿[CC]=2
K: (7)
Having determined the complexity of the channel equalizer, the
STTC decoder, and the convolutional channel decoder as a function of
the number of trellis transitions per information bit, the complexity of
the F-TD in the context of the NOCC-STTC and CC-STTC systems
can be estimated as
￿
NOCC￿STTC[F-TD] =
M
T (￿ +1) + n ￿ M
Tr
￿Itr
NOCC￿STTC[F ￿ TD] (8)
and
￿
CC￿STTC[F-TD] =
M
T (￿ +1) + n ￿ M
Tr
+2
K
￿Itr
CC￿STTC[F ￿ TD] (9)1282 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 4, JULY 2004
Fig. 4. Reduced-complexity space–time trellis turbo-equalization algorithm and summary of I/Q decoupling operations.
respectively. Finally, the complexity of the R-TD technique, studied in
the context of the NOCC-STTC and CC-STTC systems, can be written
as
￿
NOCC￿STTC[R-TD] =
n ￿ M
Tr
+
2 ￿
p
M
T (￿ +1)
+ n ￿ M
Tr
￿ Itr
NOCC￿STTC[R ￿ TD] ￿ 1
(10)
and
￿
CC￿STTC[R-TD] =
n ￿ M
Tr
+2
K
+
2 ￿
p
M
T (￿ +1)
+ n ￿ M
Tr
+2
K
￿ Itr
CC￿STTC[R ￿ TD] ￿ 1 (11)
respectively. The term Itr
A[] denotes the number of turbo detection it-
erations invoked in system “A.” A factor of two was introduced in the
term 2 ￿
p
M
T (￿ +1)
, found in (10) and (11), since two I/Q-EQs are
required for performing the equalization. In (10), the first term on the
right-hand side represents the complexity incurred in the first R-TD
iteration, where a MV-DFE and a STTC decoder were employed. Sim-
ilarly, in (11), the terms within the first brackets on the right-hand side
represent the complexity incurred in the first R-TD iteration, where the
combination of a MV-DFE, an STTC decoder, and a convolutional de-
coder was employed. For the sake of simplicity, we have assumed that
the complexity of the MV-DFE is negligible when compared to the
complexity of the I/Q-EQ and CT-EQ. Therefore, in the first turbo-de-
tection iteration, the complexity of the R-TD-assisted NOCC-STTC
scheme is only dependent on the complexity of the STTC decoder,
while that of the R-TD-aided CC-STTC system is dependent on the
complexity of both the STTC decoder and that of the convolutional de-
coder. The remaining terms within the second brackets correspond to
the complexity of the subsequent R-TD iterations.IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 4, JULY 2004 1283
Fig.5. Comparisonofthereduced-complexityturbodetectorandconventionalturbodetectorcomplexityforvariousnonchannel-codedSTTCschemesemploying
interleaving lengths of 144, 576, 2304, and 9216 symbols. The signals were transmitted over a Rayleigh-fading channel exhibiting a two-path, equal-weight, and
symbol-spaced CIR associated with a normalized Doppler frequency of 3:3615 ￿ 10 . In each curve, the complexity increases upon increasing the number of
turbo detection iterations. A maximum of four turbo-detection iterations were performed. The effective throughput was 2 bits/s.
V. RESULTS AND DISCUSSIONS
A. BER Performance Versus Complexity for NOCC-STTC Systems
Fig. 5 shows the BER performance versus complexity relationship
for NOCC-STTC(4, n) systems, where n = 4;8;16 and 32, using
STTC interleavers of lengths =144, 576, 2304, and 9216 symbols.
Note that we have chosen the BER of 10
￿3 for our comparisons,
since this is often the target BER for wireless speech-transmission
systems. Observe in Fig. 5 that, in order to achieve a BER of 10
￿3,
the CC-STTC schemes using R-TD require similar SNR values to the
F-TD technique, despite incurring a substantially lower computational
complexity. More specifically, after three turbo-detection iterations,
theSNRvaluesrequiredbytheNOCC-STTC(4,4),NOCC-STTC(4,8),
NOCC-STTC(4,16), and NOCC-STTC(4,32) systems employing
R-TD in order to achieve a BER of 10
￿3 were similar to those
necessitated by the corresponding F-TD scheme performing two
turbo-detection iterations, while achieving a complexity reduction
factor of 9, 6, 4, and 3, respectively.
B. Effect of STTC Interleaver Lengths on the Choice of
Space–Time Trellis Codes
Observe in Fig. 5 and Table I that for the NOCC-STTC sys-
tems utilizing a short STTC symbol interleaver length, i.e., the
144-symbol interleaver, the achievable performance gain of the dif-
ferent NOCC-STTCsystemsremained modest, rangingfrom 0.1to 1.0
dB, despite increasing the complexity of the STTC decoders owing to
utilizing STTC encoders, which require more trellis states, such as the
STTC(4,32). In Fig. 5, when comparing the R-TD-aided performance
TABLE I
NONCHANNEL CODED STTC SYSTEMS,W HICH EMPLOY STTC
SYMBOL-BASED INTERLEAVERS HAVING LENGTHS OF 144 , 576, 2304,
AND 9216 SYMBOLS AND REDUCED-COMPLEXITY SPACE–TIME TRELLIS
TURBO EQUALIZERS,I NDICATING THE E =N VALUES REQUIRED IN
ORDER TO ACHIEVE A BER OF 10 IN COMPARISON TO THE STTC(4,4)
SYSTEM, I.E., THE RESULTS IN THE FIRST ROW OF THIS TABLE
of the NOCC-STTC(4,4) system to that of the NOCC-STTC(4,32)
scheme using a 144-symbol interleaver after four turbo-detection
iterations, it was observed that the NOCC-STTC(4,32) scheme
required a slightly lower SNR value, namely approximately 1.0 dB
lower, in order to achieve the BER of 10
￿3. This was obtained at the
cost of a factor of 4 higher decoding complexity. Similar trends were
also observed for the F-TD scheme, where after four turbo-detection
iterations the performanceof the NOCC-STTC(4,32) arrangement was
observed to require a 1.0 dB lower SNR than the NOCC-STTC(4,4),
while incurring a factor of 1.4 higher complexity, in order to maintain
BER =1 0
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interleaver lengths, such as the 144-symbol interleaver, it is sufficient
to use the low-complexity STTC(4,4) code, since no significant
performance gain is achieved by employing more complex and
more powerful STTC codes. Further results of such comparisons is
summarized are Table I.
However, for the more powerful NOCC-STTC schemes, such as the
NOCC-STTC(4,16) and the NOCC-STTC(4,32) arrangements, it is
observed that the NOCC-STTC system employing higher interleaver
lengths requires lower SNR values for obtaining a BER of 10
￿3.F o r
example, in Fig. 5(d), the STTC(4,32) system utilizing the R-TD
and using a 2304-symbol interleaver requires an SNR of 5.6 dB
for achieving BER =1 0
￿3, whereas the same system employing
the 144-symbol interleaver needs 7.5 dB to attain the same BER.
Similarly, for the NOCC-STTC(4,16) and NOCC-STTC(4,32) sys-
tems using F-TD, it is also observed that the systems employing the
2304-symbol STTC interleaver require 1.1–2.4 dB lower SNRs than
the STTC(4,16) and STTC(4,32) systems using a 144-symbol STTC
interleaver. Therefore, when longer interleaver delays can be afforded,
the STTC(4,32) is the favored scheme.
C. BER Performance Versus Delay for NOCC-STTC Systems
The system delay is mainly determined by the latency introduced
by the STTC interleavers, where an entire block of symbols must be
stored in the interleaver’s buffer before their transmission may com-
mence. Here, the processing delay attributed to the STTC encoding,
modulation, and turbo-detection operations has been ignored, although
practical systems typically have a processing delay, which allows them
to complete their operations just before they have to commence pro-
cessing the next incoming information block. In general, interactive
speech systems can tolerate only limited system delays, which are less
than 40 ms.
Let us now review the impact of interleaving length on the
NOCC-STTC system’s performance by considering, as an example, a
TDMA/TDD system, which employs eight uplink and eight downlink
slots. Hence, a transmission slot will be available for a specific user
after every 16 TDMA slots. Since each 72-￿s burst consists of 144
data symbols, the system delay is 72-￿s for an interleaver length of
144 symbols. In general, we have
System delay =
Interleaver length
Data symbols per burst
￿ Burst duration
￿ Slots per frame
=
Interleaver length
144
￿ 72 ￿s ￿ 16
if interleaver length >144 symbols (12)
corresponding to 4.6, 18.4, and 73.7 ms for STTC interleaver lengths
of 576, 2304, and 9216 symbols, respectively. With the aid of (12),
the system delay of the various STTC schemes can be determined,
which is illustrated in Fig. 6 in relation to the SNR value required
for achieving BER =1 0
￿3. Specifically, in Fig. 6 it can be observed
that, upon increasing the interleaver length, the STTC systems require
lower SNR values for achieving a BER of 10
￿3. The achievable SNR
reduction is marginal for the lower complexity STTC codes, namely,
for the STTC(4,4) and STTC(4,8) schemes, but becomes more sig-
nificant for the more powerful STTC codes, such as the STTC(4,16)
and STTC(4,32) arrangements. However, the curves reach a plateau
for interleaver lengths higher than 2304 symbols. Therefore, there is
no substantial advantage in employing for example a quadruple-delay
Fig. 6. Performance of the STTC systems that do not employ channel
coding, namely, NOCC-STTC(4,4), NOCC-STTC(4,8), NOCC-STTC(4,16),
and NOCC-STTC(4,32) schemes after four turbo-detection iterations versus
the STTC interleaving delay for the reduced-complexity turbo-detection
arrangement, when communicating over a Rayleigh-fading channel exhibiting
a two-path, equal-weight, and symbol-spaced CIR associated with a normalized
Doppler frequency of 3.3615￿10 . The effective throughput was 2 bits/s.
Fig. 7. Performance of the reduced-complexity turbo-detection arrangement
in conjunction with the nonchannel-coded STTC(4,32) system using a
2304-symbol STTC interleaver for transmission over a Rayleigh-fading
channel exhibiting a five-path, equal-weight, and symbol-spaced CIR
associated with a normalized Doppler frequency of 3.3615￿10 . The
effective throughput was 2 bits/s.
9216-symbol interleaver, since the achievable SNR reduction is mar-
ginal,whilethesystemdelayandstoragerequirementsaresignificantly
increased.
Since interactive speech systems can tolerate only limited system
delays, which are typically less than 40 ms, we opt to employ the
2304-symbol interleaver in the following simulations. As mentioned
previously, for this particular interleaver length, the STTC(4,32)
scheme is our favored choice. Using these parameters, we investigate
the performance of the NOCC-STTC system communicating over
channels having a CIR associated with long delay spreads, i.e., trans-
mitting over a Rayleigh-fading channel exhibiting a symbol-spaced,
five-path, and equal tap-weight CIR. For this highly dispersive CIR,
the F-TD scheme cannot be implemented, since the complexity of the
trellis-based channel equalizer alone is already associated with 10
6
transitions per trellis interval. In Fig. 7, it was observed that, despite
experiencing long delay spreads, the R-TD was capable of detecting
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Fig. 8. Performance comparison of the conventional and reduced-complexity
turbo-detection schemes in conjunction with the CC-STTC(4,4) scheme
using a 2304-symbol STTC interleaver and a 4608-bit channel interleaver
for transmission over a Rayleigh-fading channel exhibiting a two-path,
equal-weight, and symbol-spaced CIR associated with a normalized Doppler
frequency of 3.3615￿10 . The effective throughput was 1 bits/s.
attaining good BER performances. Assuming that the F-TD scheme
could have been simulated and, as a hypothesis, two turbo-detection
iterations were required, the R-TD would have achieved a complexity
reduction factor of 862.
D. BER Performance of the CC-STTC Systems
Let us now investigate the achievable performance of the R-TD
receiver in the context of the more complex CC-STTC schemes
utilizing a R = 1=2 and constraint length K =5convolutional-coded
four-state quaternary phase-shift keying (QPSK) STTC arrangement
employing a 2304-symbol STTC interleaver and a 4608-b channel
interleaver for transmission over a Rayleigh-fading channel exhibiting
two-path, equal-weight, and symbol-spaced CIR having a normalized
Doppler frequency of 3.3165￿10
￿5. In Fig. 8, it was observed
that, after performing three turbo-detection iterations, the R-TD
scheme was capable of approaching the performance of the F-TD
arrangement, which also utilized three turbo-detection iterations. No
further improvements were obtained by performing additional turbo
detection iterations. Using (9) and (11), we note that the complexity
of the R-TD scheme is a factor of four lower than that of the F-TD
scheme. In comparison to the NOCC-STTC system, the CC-STTC
scheme is observed to require a significantly lower SNR value for
achieving a BER of 10
￿3. However, this is attained at the expense of
a significant increase in computational complexity and at an effect
throughput reduction. Let us now compare the R-TD performance
of the CC-STTC scheme to that of the NOCC-STTC systems, while
maintaining the same overall throughput for both schemes.
E. Comparison Between the NOCC-STTC and CC-STTC Systems
In order to ensure that the higher complexity R =1 =2 convolu-
tional-coded STTC scheme possesses the same effective throughput
as the NOCC-STTC(4, n) systems, a higher order modulation mode
based STTC, such as the STTC(16,16) scheme, was utilized in con-
junction with the R =1 =2 convolutional code. Specifically, we com-
pared the R-TD-aided performance of the NOCC-STTC(4,4), NOCC-
STTC(4,8), NOCC-STTC(4,16), and NOCC-STTC(4,32) schemes to
that of the R =1 =2 convolutional-coded CC-STTC(16,16) scheme
using the R-TD technique. In the channel-coded STTC(16,16) scheme,
an R =1 =2 and constraint length K =7convolutional code having
octal generator polynomials of G0 =1 3 3and G1 = 171 [13] was
utilized. A 2304-symbol random STTC interleaver was also invoked
in this system. Here, we have employed a convolutional code that was
Fig. 9. Comparing the reduced-complexity turbo detection (R-TD) aided
performance of the higher complexity R =1 =2 convolutional coded
CC-STTC(16,16) scheme to that of lower complexity R-TD NOCC-STTC(4,
n) benchmarkers refraining from using channel coding, where we had
n =4 ;8;16and32 STTC trellis states when transmitting over a Rayleig—
fading channel exhibiting a two-path, equal-weight, and symbol-spaced
associated with a normalized Doppler frequency of 3.3615￿10 . The
effective throughput was 2 bits/s.
Fig. 10. Comparing the complexity of the reduced complexity turbo
detection (R-TD) assisted NOCC-STTC(4,4), NOCC-STTC(4,8),
NOCC-STTC(4,16) and NOCC-STTC(4,32) systems with that of the
R-TD aided convolutional-coded STTC(16,16) scheme for transmission over a
Rayleigh fading channel having a two-path, equal-weight, and symbol-spaced
CIR associated with a normalized Doppler frequency of 3.3615￿10 .I n
each curve, the complexity increases upon increasing the number of turbo
detection iterations. The effective throughput was 2 bits/s.
more complex and powerful than the convolutional code used in the
CC-STTC(4,4)schemeinordertoprotect thetransmitteddata moreef-
fectively. The CC-STTC(16,16) system is more prone to errors, since
it utilizes the 16-QAM scheme, which has a more dense, reduced min-
imum-distance signal constellation than that of 4-PSK.
InFig.9,weobservedthattheR =1 =2andconstraintlengthK =7
convolutional-coded CC-STTC(16,16) scheme employing R-TD and
eight turbo-detection iterations was capable of outperforming the
NOCC-STTC(4,4) scheme by 0.5 dB and obtained a similar perfor-
mance to the NOCC-STTC(4,8) scheme at BER =1 0
￿3. However,
the NOCC-STTC(4,16) and the NOCC-STTC(4,32) arrangements
were observed to require 0.8 and 2.3 dB lower SNR, respectively, than
the convolutional-coded CC-STTC(16,16) scheme for achieving the
same BER.
Fig. 10 highlights the complexity required by the CC-STTC(16,16)
system employing R-TD and that of the NOCC-STTC(4, n) scheme
utilizing the R-TD technique for achieving a BER of 10
￿3.I t
was observed that the R =1 =2, K =7 convolutional-coded
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outperforms the NOCC-STTC(4,4) scheme and approaches the per-
formance of the NOCC-STTC(4,8) system using two turbo-detection
iterations, although at the cost of incurring a 75 and 50 times higher
complexity, respectively. When compared to the NOCC-STTC(4,16)
and NOCC-STTC(4,32) schemes using R-TD and performing three
turbo-detection iterations, the R = 1=2 and constraint length
K =7convolutional-coded CC-STTC(16,16) system invoking eight
turbo-detection iterations and using the R-TD technique required a
higher SNR value and incurred 11 or 19 times higher computational
complexity for achieving BER =1 0
￿3.
VI. CONCLUSION
In this paper, we have shown that the principle of I/Q turbo detec-
tion, which was originally proposed for single-transmitter and single-
receiver systems [4], [15], can be adapted for employment in STTC
systems in order to reduce the complexity of the STTC turbo-detection
scheme without sacrificing the achievable performance.
We have characterized the tradeoffs between the achievable per-
formance and the required complexity. In Fig. 5, it was observed that
when employing the IQ turbo equalizer scheme, which performed
three turbo-detection iterations in the context of the STTC(4,4),
STTC(4,8), STTC(4,16), and STTC(4,32) systems, the SNR value
required for achieving a BER of 10
￿3 was comparable to that of
the TEQ-CT scheme performing two turbo-detection iterations.
Moreover, the TEQ-IQ scheme attained a complexity reduction factor
of 9, 6, 4, and 3, respectively. It was also observed in Fig. 5 that, for
short interleaver lengths, it was sufficient to employ the lowest com-
plexity STTC(4,4), scheme, since the more computationally complex
STTC(4,16) and STTC(4,32) arrangements yielded modest additional
gains. However, for systems where the maximum system delay is not
constrained, long-delay STTC interleavers can be used. In conjunction
with long interleavers, the STTC(4,32) scheme is the best choice,
since the achievable performance gain becomes more significant. This
was further highlighted in Fig. 5(d), where it was observed that the
performance of the STTC(4,32) scheme improved upon increasing the
interleaver length. From Fig. 6 it was observed that the performance
achieved by the schemes utilizing the quadruple-delay 9216-symbol
interleaver was only marginally better than that of the systems using
the 2304-symbol interleaver, despite incurring a significantly longer
system delays of 73.7 ms. Therefore, an interleaver associated with
a length of approximately 2304 symbols constitutes an attractive
compromise between the achievable performance gain and the system
delay imposed.
When comparing the various STTC schemes of the same overall
throughput, it wasobserved from Fig. 9 thatthe turbo-detected NOCC-
STTC(4,16) and NOCC-STTC(4,32)systems werestill capableof out-
performing the R =1 =2 and constraint length K =7convolutional-
coded CC-STTC(16,16) scheme, while maintaining a BER of 10
￿3,
even though the CC-STTC(16,16) system incurred approximately 19
or 11 times higher complexity, respectively.
For typical speech and video systems, the target BER may be re-
quired between 10
￿4 and 10
￿3.Therefore, for such schemes the lower
complexity turbo-detected NOCC-STTC scheme is the more robust
choice. Furthermore, the complexity incurred by these systems is sig-
nificantly lower than that of the CC-STTC schemes. From these re-
sults, it can also be concluded that, for turbo-detected STTC schemes
of the same effective throughput, it is better to invest the affordable
complexity in implementing higher complexity STTC codes, such as
theSTTC(4,32)scheme,thaninconcatenatingapowerfulandcomplex
channel encoder with a weak STTC code, such as the STTC(16,16).
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